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Significantly fewer thraustochytrid protists (zoosporic fungi) were observed in association with healthy leaf
tissue of the marine angiosperm Thalassia testudinum than in association with sterilized samples that were
returned to the collection site for 48 h. In support of the hypothesis that sea grass secondary metabolites were
responsible for these differences, extracts of healthy T. testudinum leaf tissues inhibited the growth of the
co-occurring thraustochytrid Schizochytrium aggregatum and deterred the attachment of S. aggregatum motile
zoospores to an extract-impregnated substrate. By using S. aggregatum for bioassay-guided chemical fraction-
ation, a new flavone glycoside was isolated and structurally characterized as luteolin 7-O-f3-p-glucopyranosyl-
2"-sulfate. Whole-leaf tissue concentrations of this metabolite (4 mg/ml of wet leaf tissue) inhibited S. aggre-
gatum attachment, and a significantly lower concentration (270 pug/ml) reduced thraustochytrid growth by 50%,
suggesting that natural concentrations are at least 15 times greater than that needed for significant microbi-
ological effects. These results offer the first complete chemical characterization of a sea grass sulfated flavone
glycoside and provide evidence that a secondary metabolite chemically defends 7. festudinum against fouling

microorganisms.

The sea grass Thalassia testudinum (turtle grass) is an im-
portant component of nearshore marine ecosystems, providing
nursery grounds for commercially relevant fish and inverte-
brate species, stabilizing sediments, and fixing significant
amounts of inorganic carbon. The health of 7. testudinum
communities, however, is periodically jeopardized by mass
mortality events that are believed to be caused by pathogenic
Labyrinthula spp. (9, 34), the same zoosporic fungi responsible
for wasting epidemics in the temperate sea grass Zostera ma-
rina (28, 37). In addition, it has been shown that epiphytes
reduce sea grass photosynthetic rates and proposed that this
stress reduces fitness (35). Given the potential threat imposed
by Labyrinthula spp. and the detrimental effects of a heavy
epiphyte load, there is ample ecological rationale for marine
macrophytes to maintain some type of antimicrobial chemical
defense to reduce the rates of infection and surface fouling.
Although the secondary metabolites of marine plants have
been studied in detail (reference 10 and references therein)
and antimicrobial chemical defenses are well documented for
some terrestrial plants (23), the effects of marine plant second-
ary metabolites on co-occurring microorganisms remain
largely undocumented (16).

Sea grasses are a rich source of secondary metabolites, par-
ticularly phenolic compounds (25). Phenolic compounds are
well known as allelopathic agents in terrestrial plants (40), and
similar ecological functions have been proposed for sea grasses
(45). In support of this suggestion, polyphenolic compounds
have long been associated with reduced fouling in seaweeds
(38; but see reference 20), and it has been proposed that

* Corresponding author. Mailing address: Scripps Institution of
Oceanography, Center for Marine Biotechnology and Biomedicine,
University of California—San Diego, La Jolla, CA 92093-0236. Phone:
(619) 534-7322. Fax: (619) 558-3702. E-mail: pjensen@ucsd.edu.

1490

eelgrass chemistry alters the composition of the epiphytic com-
munity (15). In addition, the total concentration of phenolic
compounds in Z. marina was shown to increase in response to
infection by L. zostera (42), and a phenolic compound purified
from this sea grass had antifouling activity (41). Sea grass
phenolic compounds include sulfated flavonoids, a group of
conjugated metabolites for which the sulfate component is
believed to represent a marine adaptation (14). Although eco-
logical roles have been suggested for these conjugated metab-
olites (13), the ecological effects of purified flavones (or, for
that matter, virtually any marine secondary metabolites)
against ecologically relevant microorganisms have yet to be
documented.

The thraustochytrids, a group of zoosporic marine microor-
ganisms that can functionally (not phylogenetically) be de-
scribed as fungi (2), represent one group of marine microor-
ganisms for which questions about the ecological effects of
marine secondary metabolites need to be addressed. Thraus-
tochytrids (kingdom Stramenopila, phylum Labyrinthulomy-
cota, family Thraustochytriaceae) are obligate marine protists
characterized by the production of motile, heterokont zoo-
spores and a globose somatic thallus and ectoplasmic network
(31). Although the ecological roles of these microbes are not
well defined, they have been isolated in greatest numbers from
coastal and estuarine environments (27) and have been re-
ported parasitizing marine invertebrates (30) and, in at least
one case, marine algae (11). In addition, thraustochytrids are
saprobes and have been found in greater numbers on cast
seaweeds than on living tissue (26), suggesting a role in algal
decay. Reduced numbers of thraustochytrids observed on
healthy algae have led to proposals that an undefined inhibit-
ing factor (26), or more specifically antibiosis (32, 36), is re-
sponsible. To date, however, although algae have been shown
to produce antimicrobial metabolites (10), exude into seawater
metabolites that induce negative chemotactic responses in bac-
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teria (3), and reduce the settlement of invertebrate larvae (44),
quantitative studies documenting ecologically relevant micro-
biological activities for naturally occurring concentrations of
chemically defined marine plant metabolites have not been
performed.

This study documents the occurrence of thraustochytrids on
healthy (GREEN) and dead (BROWN) T. testudinum that had
been sterilized by autoclaving and reintroduced to the collec-
tion site. The observation that these microbes occurred less
frequently on healthy sea grass led us to investigate the sec-
ondary metabolites of T. testudinum and subsequently to iso-
late and structurally define the new, sulfated flavone glycoside
luteolin 7-O-B-p-glucopyranosyl-2"-sulfate. This compound
possesses significant ecologically relevant microbiological ac-
tivity against the co-occurring thraustochytrid Schizochytrium
aggregatum, supporting the hypothesis that 7. testudinum main-
tains an effective antimicrobial chemical defense as a mecha-
nism to reduce surface fouling.

MATERIALS AND METHODS

Sea grass collection. The experiments described here were initiated during a
research expedition to the island of Little San Salvador, Bahamas Islands, in June
1996 aboard the R/V Seward Johnson (Harbor Branch Oceanographic Institu-
tion). During this expedition, samples of the sea grass T. testudinum were col-
lected from an extensive shallow-water sea grass bed located in a mangrove
lagoon within the interior of the island. To assess thraustochytrid occurrence, 10
replicate sea grass samples, each consisting of 10 to 15 healthy sea grass leaves,
were collected underwater in sterile 50-ml screw-cap centrifuge tubes. The sea
grass leaves were mature, green, without obvious epiphytes, and with no visible
sign of infection or injury. These samples were immediately brought back to the
shipboard laboratory for processing. In addition, a large collection of approxi-
mately 1 kg of green sea grass leaves was made for subsequent chemical workup.

Enumeration of zoosporic fungi. To compare the occurrence of zoosporic
fungi (thraustochytrids) on healthy (GREEN) and dead (BROWN) T. festudi-
num leaves, the following experiments were undertaken. Two healthy blades
from each T. testudinum replicate were rinsed with 25 ml of filtered seawater
(pore size, 0.2 pwm) and cut into pieces ca. 1 cm long. Five pieces (subsamples)
from each replicate were placed onto a single plate of KMV medium for the
enumeration of zoosporic fungi (31). All of the plates were sealed with Parafilm
after inoculation and maintained in the laboratory (ca. 27°C), where they were
monitored for 15 days through a Spencer AO binocular microscope at magnifi-
cations of X10, X30, and X60. Thraustochytrids could be readily visualized at
low-power magnification by their characteristic colony morphology as they grew
away from the sea grass leaf tissue and out onto the agar surface. Representative
colonies were isolated by repeated transfer on KMV medium and examined at
higher-power magnification to confirm their identity. After 15 days of observa-
tion, the number of subsamples positive for thraustochytrids was recorded for
each replicate and the replicates were assigned a cumulative numeric value of 0
(none of five subsamples positive) or 1 (five of five subsamples positive). The
mean thraustochytrid occurrence on the 10 replicates (= standard deviation) was
calculated from these cumulative numbers. This method of scoring (positive or
negative) gave equal weight to large and small colonies and thereby eliminated
the effects of differential growth rates as long as colony growth was sufficient to
be visualized under the dissecting microscope.

To document thraustochytrid colonization of dead (BROWN) sea grass,
healthy blades from each replicate collection were wrapped in aluminum foil and
autoclaved (121°C) for 30 min. Two or three of the resulting BROWN blades
from each replicate were placed in sterile 50-ml centrifuge tubes into which 10
holes (diameter, 0.6 cm) had been drilled with an ethanol-rinsed drill bit. The
caps were secured on these tubes, and the tubes were placed in sterile whirl-
packs for transport back to the collection site. Three controls were prepared in
an analogous manner with nonautoclaved (GREEN) sea grass blades. At the
collection site, the whirl-packs were opened underwater and the tubes were
attached to the ends of 0.5-m lengths of three-ply polypropylene rope by inser-
tion between a section of unwound strands. One tube was attached per rope, and
the ropes were anchored to the sea grass bed at intervals of ca. 5 m. Because the
ropes were buoyant, the tubes were held ca. 6 cm above the top of the sea grass
bed. All the tubes were left in the field for 48 h, after which time they were placed
in sterile whirl-packs underwater and brought back to the ship for immediate
processing in the same manner as described above for GREEN samples, with five
subsamples from each replicate (including controls) being inoculated onto KMV
medium. Autoclaved controls were prepared by inoculating five subsamples from
each BROWN replicate onto KMV medium immediately after autoclaving.

Sea grass extraction. To determine if chemicals produced by T. testudinum
affect thraustochytrid growth and attachment, organic compounds were extracted
from the 1-kg green sea grass collection and the extracts were analyzed for mass,
biological activity, and secondary-metabolite composition. All extractions were
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performed volumetrically by adding wet T. testudinum to a known volume of
deionized water in a graduated cylinder and recording the volume of water
displaced. The sea grass and water were blended for 5 min with a hand-held
Hamilton Beach blender, and the resulting solution was passed through a
Gelman Sciences type A/E 47-mm-diameter glass fiber filter. Filtered extracts
were dried with a Savant SC200 SpeedVac and, for biological testing, dissolved
in methanol (MeOH) in a volume equal to that of the sea grass extracted,
resulting in solutions that contained what will be considered whole-leaf tissue
concentrations of sea grass metabolites.

Disk diffusion assay. Crude GREEN and BROWN T. festudinum extracts
were tested at whole-leaf tissue concentrations for antibiotic activity against
zoospores of the thraustochytrid S. aggregatum Goldstein and Belsky. This strain
(T96-6) was isolated during the Bahamas expedition from a detached 7. festu-
dinum leaf collected as drift floating in Nassau Harbor, and the assay was
performed by a modification of the standard antibiotic disk diffusion assay. In
this modified assay, a zoospore suspension was prepared by adding an agar block
containing a colony of S. aggregatum to a plate of B1 medium (0.25% peptone,
0.15% yeast extract, 0.15% glycerol, 1.6% agar, 100% seawater) and flooding this
plate with 5 ml of autoclaved seawater. Within 24 to 36 h after seawater addition,
S. aggregatum released highly motile zoospores (visible by low-power microsco-
py). The spore concentration was determined with the aid of a hemacytometer,
and 100 wl of this suspension (10° to 10° spores/ml) was added to a plate
containing B1 medium, spread with a sterile glass rod, and allowed to dry.
GREEN T. testudinum extracts (25 pl, whole-leaf tissue concentration) or
MeOH alone (control) were added to sterile paper disks, and the solvent was
allowed to evaporate. Once dry, the paper disks were placed on the surface of the
inoculated agar, and the plates were sealed with Parafilm and incubated at 30°C
for 48 h. The spore inoculum was sufficient to produce confluent growth on the
surface of the plate, and antibiotic activity was recorded as the diameter of clear
zones of inhibited microbial growth around the paper disk.

Bioassay-guided fractionation and chemical characterization. With the disk
diffusion assay as a guide, the crude GREEN T. festudinum extract (2.2 g) was
partitioned between water (1.4 g) and ethyl acetate (450 mg) and the active water
fraction was dried, solubilized in MeOH, and subjected to Sephadex LH-20
(Pharmacia) size exclusion chromatography (100% MeOH; flow rate, 1.5 ml/
min). The active fractions (188 mg), characterized by a yellow band on the
column, were combined and further purified by semipreparative reversed-phase
high-pressure liquid chromatography (HPLC) (8-pm Dynamax C;g column),
using 40% MeOH-H,0 with 0.1% trifluoroacetic acid. The major product of this
separation was the biologically active flavone glycoside luteolin 7-O-B-p-gluco-
pyranosyl-2"-sulfate (35 mg) with the following chemical characteristics: [a]5 =
—17.2° (H,0; concentration, 0.29). High-resolution-(—) fast atom bombardment
mass spectrometry [M — H]™ m/z calculated for C,;H,50,S, 527.0496; ob-
served, 527.0460 (A6.7 ppm); M~ (relative intensity, 22%), 549 [((M + Na —
H) "] (7.7), 447 (4.5), 419 (16.1), 285 (32.0), and 269 (11.9). UV A, (log e) =
346 (4.13), 263 (4.06), and 251 (4.09) nm. IR v,,,,, 3352, 1637, 1257, 1091, and
1025 em™'. 'H nuclear magnetic resonance spectroscopy (NMR) (multiplicity, J
[hertz]; assignment): 300 MHz; dimethyl sulfoxide (DMSO)-d,: & 3.27 (dd; 8.4;
H4"), 3.49 (m; H5"), 3.50 (m; H6"), 3.60 (dd; 8.8; H3"), 3.71 (m; H6"), 4.02 (dd;
8.4; H2"),5.29 (d; 7.4; H1"), 6.41 (d; 1.6; H6), 6.75 (s; H3), 6.76 (d; 1.6; HS8), 6.90
(d; 8.3; HS'), 7.44 (s; H2'), and 7.46 (d; 8.3; H6"). *C NMR (400 MHz, DMSO-
dg): 8 95.0 (C-8), 99.6 (C-6), 103.1 (C-3), 105.4 (C-10), 113.5 (C-2"), 116.0 (C-5"),
119.1 (C-6"), 121.3 (C-1"), 145.7 (C-3"), 149.9 (C-4"), 156.8 (C-9), 161.1 (C-5),
162.7 (C-7), 164.4 (C-2), and 181.9 (C-4); sugar: 60.5 (C-6"), 69.4 (C-4"), 75.8
(C-3"), 76.8 (C-5"), 78.4 (C-2"), and 97.4 (C-1"). In addition, two related but less
active compounds were obtained in low yield. These compounds were not char-
acterized.

To obtain the acetate derivative, 2.5 mg of the flavone was treated with 0.5 ml
of acetic acid-pyridine (1:1) and left overnight at room temperature. The reac-
tion product was then dried under vacuum, dissolved in dichloromethane
(CH,Cl,), and extracted with H,O. The CH,Cl, layer was further purified by
reversed-phase HPLC (70% MeOH-H,0) to yield the peracetate derivative.
The following spectral data were obtained for the peracetate derivative: 'H
NMR; 500 MHz, DMSO-d, (multiplicity, J [hertz]; assignment): & 2.07, 2.08,
2.13,2.34,2.36, 2.4 (s, 6 X Me), 3.90 (1H, m, H2"), 3.90 (1H, m, H5"), 4.19 (1H,
dd, 12.0, 2.0, H6"), 4.29 (1H, dd, 12.0, 6.0, H6"), 5.12 (1H, dd, 9.6, H3"), 5.12 (1H,
d, 7.0, H1"), 5.22 (1H, dd, 9.1, 9.6, H4"), 6.58 (1H, s), 6.76 (1H, d, 1.7), 7.06 (1H,
d, 2.0), 7.37 (1H, d, 9.0), 7.70 (1H, br s), and 7.74 (1H, d, 8.5).

To determine the absolute stereochemistry of the sugar portion of the mole-
cule, the natural product was subjected to acid hydrolysis (10% methanolic HCI)
at 70°C for 3 h. The reaction products were neutralized with NaHCO; and
extracted with butanol. '"H NMR analysis of the aqueous layer indicated the
presence of a glycoside, whose optical rotation was then determined.

Instrumental analyses. NMR spectra were recorded in DMSO-ds on Unity
Plus 500-MHz, Gemini 400-MHz, and Unity Inova 300-MHz NMR spectrome-
ters. The mass spectrum was measured in the negative FAB mode on a VG-ZAB
mass spectrometer at the University of California, Riverside. The UV spectrum
was measured with a Perkin-Elmer Lambda 4B UV/VIS spectrophotometer.
Optical rotation was measured with a Rudolph Research Autopol III polarim-
cter. Quantitative HPLC was performed with a Hewlett-Packard model 1090
liquid chromatograph.
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Quantification of the active compound in crude extract. MeOH solutions of
luteolin 7-O-B-p-glucopyranosyl-2"-sulfate were prepared at five concentrations
(0.2 to 1.0 mg/ml), and 25 pl of each was injected into a Hewlett-Packard diode
array HPLC instrument (5-pm ODS Hypersil C;g column) with 30% aqueous
MeOH (plus 0.1% trifluoroacetic acid) as the eluent and UV detection at 350
nm. A standard curve relating concentration to peak area was generated, and the
retention time and absorbance spectrum for the compound were recorded. Five
replicate 1-cm® T. testudinum water extracts were prepared as previously de-
scribed. Following filtration (pore size, 0.2 wm), drying, and weighing, these
extracts were brought up to 1 mg/ml in MeOH and 10 pl of each was injected as
for the standard. Peak areas corresponding to luteolin 7-O-B-D-glucopyranosyl-
2"-sulfate were recorded and converted to concentration by using the standard
curve.

Settlement assay. The effects of the crude GREEN T. festudinum extract and
the purified flavone glycoside on the ability of S. aggregatum motile zoospores to
attach to extract impregnated agar were measured by a modification of a previ-
ously described assay (43). For crude extracts, 8 ml of wet 7. festudinum
(GREEN) leaf tissue was extracted with deionized water, filtered, and dried and
the residue was dissolved in 8 ml of molten B1 agar. The molten agar was poured
into a sterile petri dish (60 by 16 mm) and, after solidification, cut into 1-cm?
blocks (treatment). Solvent-only Bl control blocks were also prepared. For
luteolin 7-O-B-p-glucopyranosyl-2"-sulfate (which is yellow), Phytagel (Sigma
Chemical Co., St. Louis, Mo.) was used as the compound rapidly diffused from
agar, and Phytagel is reported to have superior retention properties in similar
applications (18). The purified flavone glycoside was incorporated into Phytagel
at whole-leaf tissue concentration (4 mg/ml) and prepared along with solvent
controls as for the crude extracts.

To perform the settlement assay, a large volume of spore suspension was
required relative to that used in the disk diffusion assay. This suspension was
prepared by flooding a series of plates that had been inoculated with S. aggre-
gatum (3 to 5 days earlier) with 10 ml of autoclaved seawater. The resulting spore
suspensions were combined, and the spore concentration was determined with
the aid of a hemacytometer (1.5 X 10° spores/ml). An 8-ml volume of this spore
suspension was then added to each of 10 petri dishes. Five of the dishes were
each given one treatment block and the remaining five were each given one
control. Following a 2-h incubation, 1 ml of 37% formaldehyde (final concen-
tration, 4%) was added to each dish to stop the experiment. After fixation for 5
min, each block was carefully removed with a spatula, dipped five times in a
sterile seawater bath, and placed on a paper towel to remove excess water and
then onto a microscope slide. A coverslip was placed on top of the agar block,
and the block was viewed at X400 magnification with an Olympus BHT phase-
contrast microscope. Ten random microscope eyepiece grids (20 pm?) were
counted for each replicate, and the mean values of the treatments and controls
were compared (¢ test).

IC5, microtiter plate assay. The concentration of luteolin 7-O-B-p-glucopy-
ranosyl-2"-sulfate that inhibited the growth of S. aggregatum by 50% (ICs,) was
estimated (in triplicate) by serially diluting (1:4) the compound (starting con-
centration, 4.4 mg/ml in MeOH) in medium B1 (without agar) down the rows of
a 96-well microtiter plate. MeOH controls were similarly prepared. Following
compound dilution, 25 pl of S. aggregatum spore suspension (10° spores/ml),
prepared as for the disk diffusion assay, was added to each well, and the plate was
incubated at 30°C for 3 days. Following incubation, 10 pl from each well was
spotted onto B1 medium and the plates were sealed with Parafilm and incubated
at 30°C for 36 h. S. aggregatum formed well-developed colonies on B1 plates, and
the compound concentration that reduced growth by 50% was determined visu-
ally by comparing the area of growth for each dilution to that from control wells.

RESULTS

Thraustochytrid occurrence on healthy and dead T. testudi-
num. Four days after inoculation onto KMV medium, the
occurrence of thraustochytrids on healthy (GREEN) speci-
mens of 7. testudinum was 60% (% 30%), indicating that, on
average, three of five subsamples per replicate scored positive
for thraustochytrid growth. Fifteen days after plating, the
thraustochytrid occurrence on GREEN T. festudinum had in-
creased to 78% (£ 19%). It was observed that the increased
occurrence of thrausochytrids over time on GREEN samples
was correlated with a change in sea grass leaf tissue color from
green to brown. The three GREEN T. testudinum controls
(nonautoclaved blades returned to the field as for the
BROWN samples) yielded similar results (on average, 73% of
the subsamples were positive for thraustochytrids).

In contrast to the GREEN samples, sterilized (BROWN) T.
testudinum incubated at the collection site for 48 h had a 100%
thraustochytrid occurrence on KMV 3 days after being plated.
All five subsamples of each of the 10 BROWN sea grass rep-
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licates produced luxuriant thraustochytrid growth around the
entire margin of the sea grass. No growth was observed on the
autoclaved controls, indicating that thraustochytrids colonized
these sea grasses following reintroduction to the collection site.
Growth on the GREEN samples, by contrast, was slow to
develop and in general did not cover the entire margin of each
subsample. These observations led us to investigate the possi-
bility that secondary metabolites present in healthy (GREEN)
sea grass leaf tissue account for reduced thrausochytrid growth
and occurrence relative to autoclaved leaf tissue that had been
reintroduced to the collection site.

Crude extract yield and antibiotic activity. GREEN sea
grass from the 1-kg collection was extracted volumetrically,
with the average mass of 1 ml of leaf tissue aqueous extract
being 156 = 20 mg (n = 5, range = 125 to 181 mg). The
whole-leaf tissue concentration at which extracts were tested
was therefore 156 mg/ml. To determine if 7. testudinum me-
tabolites inhibited thraustochytrid growth, a GREEN extract
was initially tested aboard ship at whole-leaf tissue concentra-
tion and proved to be active against S. aggregatum in the disk
diffusion assay. Two additional GREEN extracts were subse-
quently prepared and tested in a similar manner at Scripps
Institution of Oceanography and produced 10- and 12-mm-
diameter zones of inhibited growth around extract-saturated
disks.

Settlement activity in crude extract. Because assays that
measure antibiotic activity are not the most realistic method by
which to study ecological effects (19), crude GREEN T. festu-
dinum extracts were tested for their effects on the attachment
of §. aggregatum zoospores to an extract-impregnated agar
surface. In this assay, the mean number of thraustochytrids
that attached to treated agar was 26.8 = 9.1 (n = 5) while the
number attaching to control blocks was 233 * 21.8 (n = 5),
demonstrating that GREEN extracts, tested at whole-leaf tis-
sue concentrations, effectively deterred thraustochytrid attach-
ment relative to controls. On average, 1. festudinum extracts
reduced the attachment of S. aggregatum by 88%, with the
difference between treatment and control being highly signifi-
cant (¢ test, P < 0.001).

Structure elucidation. With the disk diffusion assay as a
guide, it was possible to monitor the antibiotic activity detected
in the GREEN T. testudinum crude extract through the chem-
ical fractionation process and to obtain a pure, biologically
active metabolite. The '"H NMR spectrum of this substance
was indicative of a flavone glycoside, and the substance was
identified as luteolin based on its UV spectrum. The **C NMR
data confirmed the identity of the flavone as luteolin with
glycosylation at position 7 (24). The large coupling constant
(7.4 Hz) exhibited by the anomeric proton provided evidence
that the sugar was a B-glycoside, and it was tentatively identi-
fied as B-glucose due to the similarity of the '*C NMR shifts to
published values (12). Because of coupling-pattern overlap in
the NMR spectrum, the sugar was firmly established as B-glu-
cose only upon NMR analysis of the acetylated product. Acid
hydrolysis of the natural product yielded a sugar that exhibited
a positive optical rotation ([«]Z = *27.3°) indicative of a
D-glycoside, thus confirming the presence of B-p-glucose in the
molecule. The mass spectrum indicated a molecular formula of
C,,H,90,,S for [M 7] at m/z = 527.046. The presence of a
sulfate group was confirmed by IR resonances at 1,257 and
1,091 cm ™. The position of the sulfate was assigned to C-2 of
the sugar based on the downfield shift (+4 ppm) of the carbon
at this position in the natural product; this was further sup-
ported by the relatively small shift (0.12 ppm) in the proton
resonance of H-2 upon acetylation. Based on the above infor-
mation, the final structure of the active substance was identi-
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FIG. 1. Chemical structure of the antibiotic flavone glycoside (luteolin 7-O-
B-p-glucopyranosyl-2"-sulfate) isolated from T. testudinum.

fied as luteolin 7-O-B-p-glucopyranosyl-2"-sulfate (Fig. 1). Al-
though sea grasses have long been known to produce phenolic
compounds including conjugated flavonoids of the type re-
ported here (14), luteolin 7-O-B-D-glucopyranosyl-2"-sulfate
represents a new structure and, to the best of our knowledge,
the first complete chemical characterization of a sea grass
sulfated flavone glycoside.

Concentration of active compound in extract. Given that the
objective of this study was to determine if the biological activ-
ities associated with luteolin 7-O-B-D-glucopyranosyl-2"-sulfate
have ecological relevance, the concentration of this substance
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in the GREEN extract was determined and used as a reference
point for biological testing. Because this compound was water
soluble and difficult to isolate quantitatively, it was necessary to
calculate the concentration by using analytical-scale HPLC
peak integration. By using this method, the mass of luteolin
7-O-B-D-glucopyranosyl-2"-sulfate in the water extract of 1 ml
of wet T. testudinum tissue equaled 4.1 £ 1.3 mg (n = 5). This
yield was equivalent to 2.6% of the extract mass (156 mg). For
bioassay purposes, 4 mg/ml was considered the whole-leaf tis-
sue or “natural” concentration of luteolin 7-O-B-D-glucopy-
ranosyl-2"-sulfate in the GREEN sea grass tissue. The HPLC
traces of this compound (standard) and of the crude GREEN
extract are shown in Fig. 2. The absorbance spectra for the
standard and the corresponding 5-min peak in the GREEN
extract were identical, confirming that the compound being
quantified was the flavone glycoside.

If luteolin 7-O-B-p-glucopyranosyl-2”-sulfate was responsi-
ble for the reduced numbers of thraustochytrids observed on
healthy T. testudinum, it would be expected that this compound
would not be present in the BROWN sea grass leaf tissue,
since thraustochytrids occurred on 100% of these samples fol-
lowing a 48-h seawater incubation. However, extracts of auto-
claved (BROWN) T. testudinum, prepared as for the GREEN
extracts, showed no reduction in antibiotic activity, suggesting
that the luteolin 7-O-B-p-glucopyranosyl-2"-sulfate is heat sta-
ble. HPLC analysis confirmed that this compound was intact
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FIG. 2. HPLC traces of luteolin 7-O-B-p-glucopyranosyl-2"-sulfate (A), extract from healthy (GREEN) T. ftestudinum (B), extract from autoclaved (BROWN) T.
testudinum (C), and extract from autoclaved (BROWN) T. testudinum following a 48-h seawater incubation (D).
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and present at concentrations similar to those observed in the
GREEN extract (Fig. 2). However, when BROWN sea grass
was incubated in seawater for 48 h as for the in situ experi-
ment, extract HPLC analysis revealed no trace of the flavone
glycoside and the extract showed no antibiotic activity, indicat-
ing that the compound rapidly leached from dead sea grass leaf
tissue during the incubation period.

Antibiotic and settlement activity. The flavone glycoside iso-
lated from the GREEN T. testudinum extract displayed anti-
biotic activity at whole-leaf tissue concentration (4 mg/ml)
against S. aggregatum, producing a zone of inhibition 8 to 10
mm in diameter. This activity is slightly lower than that of the
crude extract (zone of inhibition 10 to 12 mm in diameter),
with the difference possibly being attributable to two related
but low-yielding compounds that were detected in the crude
extract but were not isolated. The ICs, of the purified flavone
glycoside was equal to 270 pg/ml, indicating that the average
sea grass leaf tissue concentration was ca. 15 times greater than
the potency required to have a significant effect on thraus-
tochytrid growth. The flavone, tested at the whole-leaf tissue
concentration for settlement effects, reduced the attachment of
S. aggregatum motile zoospores by 85% relative to that of
controls, with the mean number of thraustochytrids attaching
to the treated surface being 14.1 * 3.3 (n = 5) and that of
those attaching to the control being 2.2 = 0.3 (n = 5). This
difference was highly significant (¢ test, P = 0.008) and supports
the ecological role of luteolin 7-O-B-p-glucopyranosyl-2"-sul-
fate in chemical defense against fouling microorganisms.

DISCUSSION

Marine plants and invertebrates are rich sources of biolog-
ically active secondary metabolites, many of which provide
important ecological functions such as chemical defense
against potential predators (1, 29). These metabolites may also
provide antimicrobial chemical defense to ward off infection
and fouling; however, to date we have gained only marginal
insight into the ecological effects of marine secondary metab-
olites on co-occurring microorganisms (8, 16, 29). In cases
where these issues have been addressed (see, e.g., references 5,
21, 22, 39, and 43), crude organic extracts have produced sig-
nificant microbiological effects; however, the corresponding
metabolites have not been isolated, characterized, or quanti-
fied in the host tissues, and therefore the chemical basis and
ecological significance of the observed activities remain ob-
scure.

In the present study, we observed reduced numbers of
thraustochytrids on healthy (GREEN) T. testudinum relative
to dead (BROWN) sea grass leaf tissue that had been sterilized
by autoclaving and reintroduced to the collection site for 48 h.
This observation led us to investigate the hypothesis that sea
grass secondary metabolites regulate associated microbial pop-
ulations and thereby provide a type of antimicrobial chemical
defense that functions via reduced surface fouling. In support
of this hypothesis, whole-leaf tissue concentrations of 7. testu-
dinum metabolites were antibiotic to the thraustochytrid S.
aggregatum and subsequent bioassay-guided chemical fraction-
ation of the crude extract led to the isolation and structural
characterization of a new antibiotic flavone glycoside (luteolin
7-O-B-p-glucopyranosyl-2"-sulfate). This water-soluble sea
grass metabolite occurred in volumetric sea grass leaf tissue
extracts at a concentration of 4 mg/ml and significantly reduced
the ability of highly motile and chemotactic S. aggregatum zoo-
spores to attach to a compound-impregnated substrate. In ad-
dition, the ICs, of this compound for S. aggregatum was 270
pg/ml, suggesting that it can induce significant physiological
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effects at concentrations ca. 15 times lower than those occur-
ring in sea grass leaf tissue. These results, coupled with the
observation that the antibiotic flavone was undetectable in
dead sea grass leaf tissue following a 48-h seawater incubation
and that this loss of compound correlated with increased
thraustochytrid occurrence, support our proposal that the an-
tibiotic flavone glycoside functions within the sea grass as a
chemical defense against fouling microorganisms.

There is a clear ecological rationale for sea grasses to main-
tain antimicrobial chemical defenses, since they are susceptible
to periodic epidemics of Labyrinthula-induced diseases (9, 34,
37) and the shading effects of an unregulated fouling commu-
nity can reduce plant fitness (35). That sea grasses are chem-
ically defended is supported by the observation that thraus-
tochytrids produce cellulases and have the independent ability
to decompose submerged plant material yet do not begin this
process in healthy plants (4) until some inhibiting factor ceases
to be released (26). In the present study, the antibiotic luteolin
7-O-B-p-glucopyranosyl-2"-sulfate appears to be such a factor.
Although thraustochytrids were isolated from healthy T. festu-
dinum leaf tissue despite the presence of the antibiotic flavone
glycoside, indicating that settlement deterrence is not com-
plete, it is proposed that their reduced numbers are explained
by the presence of this metabolite and that only after the leaves
senesce and the compound has leached out from the tissue do
increased growth and colonization occur and does the decom-
position process begin.

It has long been suspected that phenolic compounds pro-
duced by marine plants function in chemical defense (see, e.g.,
reference 38) and that loss of phenolic compounds during the
decomposition process is correlated with increased microbial
biomass (7, 36). This concept was supported by past observa-
tions that thraustochytrid growth was inhibited on live algae
relative to autoclaved seaweeds and inversely correlated with
total phenolic compound content (32). In addition, it has been
shown that phenolic compounds confer resistance to sea grass
wasting diseases (6), increase in concentration as a result of
infection by Labyrinthula (42), and have antifouling properties
(41). The present study confirms that sea grass phenolic com-
pounds have significant, ecologically relevant microbiological
activity and indicates that this activity can be accounted for by
the presence of a sulfated flavone glycoside, not simple phe-
nolic acids similar to those implicated as the primary agents of
chemical defense in land plants (33). By using bioassay-guided
fractionation of the crude extract, it was evident that the ma-
jority of the biological activity could be accounted for by the
presence of this conjugated metabolite, with the remainder
being due to the presence of minor derivatives that could be
recognized by NMR but were not characterized. These results
indicate that simple phenolic compounds were not responsible
for the biological activity of the crude extract and that the
correlation of total phenolic compound concentration with bi-
ological activity may not accurately predict the potency of
individual metabolites.

Elucidating the ecological effects of marine secondary me-
tabolites at the microbiological level is made difficult by the
lack of experimental methods by which these processes can be
measured (19). Certainly, it is critical in any test of ecologically
relevant biological activity that an attempt is made to repro-
duce the metabolite concentrations experienced by the assay
organism(s) in nature. In this study and because of lack of
information about compound release from sea grass tissues, we
chose to test crude extracts and purified materials at average
whole-leaf tissue concentrations. It has been estimated that as
little as half of the total amount of compounds present in algae
is recovered during the extraction and purification process
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(17), and, because sea grass leaves contain air bubbles that
were not dislodged during volumetric measurements, it is likely
that the concentrations tested were conservative relative to
those occurring in sea grass tissues.

We propose that for luteolin 7-O-B-D-glucopyranosyl-2"-sul-
fate to have significant antifouling effects in nature, it must be
continually released from the plant. Because this water-soluble
metabolite was tested following incorporation into a matrix
from which it could be observed to leach into the surrounding
seawater (thereby creating a chemical gradient that potentially
mimics that surrounding the healthy sea grass), we believe that
the bioassay results are a good predictor of what occurs in
nature. Even if in situ compound release rates are significantly
lower than those generated in the laboratory bioassay, it re-
mains possible that these rates are sufficient to account for the
reduced occurrence of thraustochytrids observed on the sur-
faces of healthy T. testudinum tissues. Of course, alternative
hypotheses, e.g., physical effects of the leaf surface, could ex-
plain the reduced numbers of thraustochytrids obtained from
living sea grasses, and it remains to be determined if other
factors are acting in concert with the observed chemical effects.
That the antibiotic flavone did not lose biological activity fol-
lowing autoclaving and that only after seawater incubation and
associated metabolite loss did thraustochytrid numbers in-
crease support the proposal that the observed differences in
thraustochytrid occurrence were due to chemical rather than
physical effects. However, because we have no information
about cellular location or in situ rates of compound release
from sea grass leaf tissues and therefore no direct evidence
that thraustochytrids contact the antibiotic in nature, it is not
possible to draw absolute conclusions about the ecological
effects of luteolin 7-O-B-p-glucopyranosyl-2"-sulfate on sympa-
tric microorganisms. In addition, since dead (BROWN) leaves
were created by autoclaving, it is not possible to extrapolate
the results obtained here to naturally dead leaf tissues.

The present study is the first effort to fully characterize a sea
grass sulfated flavonoid in an ecological context, and it resulted
in the isolation of a new metabolite that exhibits significant
ecologically relevant antibiotic and antifouling activity against
a zoosporic marine fungus. Although sulfated flavone glyco-
sides have been isolated from terrestrial plants, they are most
prevalent in halophytes and their production is believed to
represent a physiological adaptation to the marine environ-
ment (13). Although ecological functions for marine flavonoids
have been proposed, the results presented here represent the
first experimental evidence that these metabolites function in
antimicrobial chemical defense.
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